PERSPECTIVES AND OVERVIEW
Recent experimental evidence suggests that the folding of transmembrane regions of integral membrane proteins should be regarded as qualitatively different from that of soluble proteins. In soluble proteins, hierarchical levels of folding consist of the secondary structure units (e-helices, /% strands), super-secondary motifs (e.g. the/~e/? unit or the 8-fold c~/? barrel), domains (comprised of one or several motifs), protomers (comprised one or several domains), and, if a quaternary structure exists, oligomers (cf 44, 113, 123) . Folding is believed to follow this sequence more or less closely, with the first independently stable structures appearing at the domain level (e.g. 39, 64, 144) . Domains vary in size. For globular proteins, they comprise typically 70-150 amino acid residues. Smaller domains, e.g. the 40-50 residue domains in rubredoxin or wheat germ agglutinin, are found in proteins stabilized by disulfide bridges or prosthetic groups (for reviews, see 65, 113, 123, 144) . As a consequence, soluble proteins or protein subunits smaller than ~ 70 residues are very rare (129a).
In the transmembrane regions of integral membrane proteins, a single hydrophobic a-helix apparently has, to a large extent, the properties of a domain in itself. Both theoretical considerations and experimental observations form the basis for this view (for a review, see 103) . First, transmembrane regions in bacterial photosynthetic reaction centers and in bacteriorhodopsin are composed of hydrophobic e-helices. Free energy estimates lead to the prediction that each e-helix can form an independent, stable, transmembrane entity in a lipid bilayer. Second, several integral membrane proteins have been functionally reassembled starting from fragments that had been independently refolded or synthesized (Table 1) . these experiments, each fragment folded autonomously, as expected if it is itself comprised of elements (e-helices) that can take up a largely correct transmembrane position and secondary structure by themselves. In addition, two natural cases suggest such a process, in which a single polypeptide in one membrane or organism appears in another to be split into two subunits (Table 1) .
An e-helix long enough to cross the ~ 30-/~ thick fatty acyl region of a phospholipid bilayer comprises 20 residues. Transmembrane regions may thus be built up of stable units that are considerably smaller than those involved in the folding of soluble proteins. The possibility arises that this particularity dictates some characteristic features of membrane protein biosynthesis and assembly.
In the present review, we survey the subunit composition, size, and number of hydrophobic transmembrane segments of most eukaryotic integral membrane proteins for which the sequence is known (see also 32a). Annual Reviews www.annualreviews.org/aronline "Natural cases correspond to proteins composed of one polypeptide chain in one type of membrane or organism and two distinct subunits in another. The number of putative hydrophobic transmembrane segments in cytochrome b6, subunit IV, and nicotinamide nucleotide transhydrogenase is discussed in the footnotes to Table 4 . Cytochrome b 6 and subunit IV from chloroplast b6/f complex are respectively homologous to the amino terminal and carboxyterminal parts of cytochrome b from the bc~ complexes from mitochondria or purple bacteria; a segment homologous to the last of the 8 putative hydrophobic transmembrane e-helices in cytochrome b is missing in subunit IV. The c~ and fl subunits of E. coli transhydrogenase are homologous to the aminoterminal and carboxytcrminal parts of the beef enzyme, respectively. NBRF, EMBL, GENPRO, and GENBANK) or collected from the literature. We examined them for the presence of potential transmembrane hydrophobic a-helices using a modification of Klein et al's (70) program run on a Vax 750 computer. The program examined each sequence twice. In the first pass, using the hydrophobicity scale of Kyte & Doolittle [KD scale (73) ] and a 17-residue span, the program generated the number and approximate limits of the putative transmembrane helices, together with an index of the relative probability (P/I), that each segment is either peripheral or transmembrane (70) . The program also gave the average hydrophobicity of each segment (GES) expressed in kcal/residue using the hydrophobicity scale of Engelman et al [ Table 2 , GES scale (37) ]. In the second pass, the search was d6ne using the GES scale and a 17-residue span. The procedure is similar to that applied by von Heijne (142a) bacterial membrane protein sequences.
Both searches usually identified the same hydrophobic segments. In some cases, neighboring hydrophobic segments separated by a few polar residues were properly distinguished in the first pass and not in the second, or vice versa. Topological models from the literature were then compared to results from the hydrophobicity analyses as described in the section covering results and in footnotes to Table 4 . For the purpose of estimating helix hydrophobicities, the limits of the segments were defined using the GES scale except for a dozen cases (over about 600 segments) in which segments matching those proposed in the literature were better identified using the KD scale. In all cases and throughout this text, hydrophobicities are expressed as GES values.
To test the reliability of our approach in estimating the hydrophobicity of putative transmembrane helices, we applied it to the three integral 373 membrane proteins in the photosynthetic reaction center from purple bacteria. In all cases, the 17-residue segments identified as the most hydrophobic using either the KD or the GES scales corresponded to the transmembrane helices. In 10 cases (out of 11 helices), the segments were included within the transmembrane helices of the electron density map (30a) to within 3 residues. The GES scale displaccd helix E in subunit by 7 residues past the end of the transmembrane region, while the KD scale placed it correctly to within 1 residue; the difference in GES value depending on which segment limits were used was 0.09 kcal/residue. Conversely, using the KD scale resulted in misplacing helix C in subunit M by 6 residues, while the GES scale placed it correctly. The hydrophobicity difference was 0.04. Clearly, as expected, inaccuracy in defining helix limits entailed only small errors on GES.
The transmembrane segments in the photoreaction center are fairly hydrophobic, which simplifies identification. In bacteriorhodopsin, the 17-residue segments identificd as the most hydrophobic using either scale again matched accepted transmembrane helices (37) . The least hydrophobic helix (helix C, which contains two aspartic acid residues), was predicted at the same position (within 1 residue) by the two scales. The greatest discrepancy between the hydrophobicity estimates calculated using the limits given by the two scales reached 0.13 (helix G). The results obtained on bacteriorhodopsin and the reaction center proteins are summarized in Table 3 .
Choice of Proteins
We distributed integral membrane proteins into four sets:
1. proteins from the plasma membrane of eukaryotic cells and of other and Zea mays. Wc also analyzed the proteins of the mitochondrial inner membrane of these species encoded by nuclear DNA and of known sequence. The results are shown for bovine proteins except if the sequence was only available for other eukaryotes. The two hydrophobic subunits of the succinate dehydrogenase complex have similar molecular weights in eukaryotes and in the prokaryote Escherichia coli and, to our knowledge, have not been sequenced in any eukaryotes. In this particular case, we show the results for E. coli.
3. proteins from the thylakoid membrane, whether encoded in the chloroplast or the nucleus, and chloroplast DNA open reading frames (ORFs) encoding putative, unidentified proteins. The chloroplast gcnomcs of Marchantia polymorpha and Nicotiana tabacum were analyzed in totality, although only the results for Marchantia are shown, except when the subunits were better characterized in Nicotiana. The integral proteins of the thylakoid membranes encoded in the nucleus were analyzed in several higher plants as well as in C. reinhardtii, as a function of available sequences.
4. proteins from the outer membrane of E. coll. When several homologous proteins from different organisms or representing related enzymes were examined, only one protein of each family was included in the final analysis unless sequence similarities were less than 3540%. The alignment program (alignment score program of B. C. Orcutt, M. O. Dayhoff, and W. C. Barker, 1984 version available at the CITI2) was based on the algorithm of Needleman & Wunsch (89) using unitary matrix and a break penalty parameter of 8.
RESULTS

Identifyin9
Putath~e Transmembrane Segments and Estimating Their Hydrophobicity "Nr is the number of residues in the mature protein, except in a few cases as indicated by parentheses. These cases are discussed in Footnotes b~t. N h is the number of hydrophobic transmembrane segments in the currently accepted topological model for the protein. When no such model exists or for special cases, the value of N~, is placed between parentheses and discussed in Footnotes b-d. To limit the number of references, we have not systematically referred to original proposals for transmembranc topologies when they appear generally accepted and present no particular problem. These are usually accessible from the data banks or the references indicated. GES av. is the average hydrophobicity of the putative transmembrane segments, determined as described in the section on procedures and expressed in kcal! residue; GES rain. is the hydrophobicity of the least hydrophobic of these segments, GES max. that of the most hydrophobic one. Sequences were taken from the references indicated or from the following data banks: EMBL, GENBANK (Gbk), GENPRO (Gpro), and NBRF. Abbreviations used in the names proteins: cl., class; nucl., nucleotide; fl-yal., fl-galactoside; cyt., cytochrome; msc., muscle; ree., receptor. Proteins with more than 90 residues beyond the end of the first hydrophobic segment are indicated by ..... (see discussion section). One-helix proteins without at least one extramembrane segment longer than residues are indicated by "#" (cf results). Five proteins introduced into the table at a late stage and not included in the statistics and graphs shown elsewhere in this re'~iew are indicated by "$".
Nucleus-encoded proteins
b Plasma membrane proteins whose length or number of putative transmembrane helices is indicated in parentheses: T-cell receptor fl-chain precursor: The length indicated is that of the unprocessed precursor.
Insulin receptor: The length indicated is that before cleavage into c~ and//subunits. Toll gene product: Exact position of cleavage of the signal sequence is uncertain; the length indicated is that of the precursor. (1) . Na+/glucose co-transporter: Hediger et al (56) proposed I 1 tr~msmembrane helices. Their model, however, neglects several very hydrophobic segments, including one where GES = 2.19 (P/I = 0.4). We have tentatively added those four helices with GES values greater than 1.2. Voltage-gated Na + channel and Ca 2+ channel ~l subw~it: Currently accepted models also include four charged transmembrane ~-helices, which have not been taken into account in the analysis (92, 135) . K + channel (Shaker gene proch¢ct): The currently accepted model (102) also includes one charged transmembrane a-helix, which has not been taken into account in the analysis.
Mitochondrial inner membrane proteins whose length or number of putative transmembrane helices is indicated in parentheses: NA DH-Q-reductase: No structural models have been proposed to our knowledge for these subunits, We have accepted as putative transmembrane segments those with a (~ES _> 1.2, except in three cases for which we accepted an ad0itional helix [subunit 5 of Bus mitochondrion (GES = 0.96) and subunits 5 and 4L of Marchantia chloroplast (GES -1.13 and GES = 0.91)], which homologous to more strongly hydrophobic segments in subunits 5 or 4L from other species. Cytochrome b: We have followed the revised Iransmembrane topology proposed by Rap & Argos (11 I), first discussed in detail by Crofts et al (13, 26, 32c) . ATPase, subunit 6: A 6-helix structure had been proposed for subunit 6 of Bus mitochondrion F0 and subunit a of E. colt F0 (143), More recently, however, subunit IV chloroplast CFo has also been sequenced (see below). Our comparative analysis of these three homologous sequences is more in favor of a 5-hehx structure (excluding the fourth and least hydrophobic helix of the 6-helix model). Succinate-Q reductase, subunits C and D: These two integral membrane subunits have similar molecular weights in Bus mitochondria and E. colt but havc been sequenced only in Therefore, hydrophobicity analysis is indicated for E. colt subunJts. Nicotinomide nucleotide transhydrogenase (NNIC): A 14-helix structure had been proposed for Bus transhydrogenase, and arguments developed over locating both N and C termini on the matrix side of the membrane (148) . Those helices conserved between beef NNT and bacterial NNT ]made up of two subunits, ~ and ,fi' (e.g. 22) ] are likely oriented in the membrane with the same polarity in the two species. This orientation can be achieved by exclnding the fiflb putalive transmembrane segment of beet NNT 14-helix model, which is located in the link between the two regions homologous to the two bacterial subunits, and has no counterpart in E. coli, as well as to the 13th putative helix, which is weakly hydrophobic both in beef (GES = 1,34) and colt. ,4 DPfi4 TP carrier protein, brown fat uncouplin~ protein, and phosphate carrier: These three proteins have a tripartite structure, comprising three similar repeats of approximately 10fl residues each. Proposed structures include three hydrophobic transmembrane or-helices (one per repeat) and additional helical nonhelical amphipathic transmcmbrane segments (4, 5, 118) . Our analysis includes only the hydrophobic helices.
Chloroplast proteins whose length or number of putative transmembrane helices is indicated in parentheses: (Table 4C ) N,dDH-Q rett'uctase: See NADH-Q reductase in Footnote b, ,4TPase, subunit a 4~helix structure had been proposed for ATPase subunit 1V of Spinacia chloroplast (59). We suggest a 5-helix structure including a fifth hydrophobic domain (GES ~ 2.25), which was previously not considered a transmemhrane segment because of its proline content. Light Hareesting Complex I (LH(~) chlorophyll a/b bind#~,q (chip.oh)proleb~s, type I1 and II1: Probable length of the mature proteins has been estimated by analogy with LHCII, whose site of processing has been dctcrmlned dlrcctly 001, 130). (Table 41 )) Phosphate translocator: The length indicated is that of the precursor. Signal sequence cleavage was suggested from SDS-PAOE analysis to occur around amino acid positions 85-95 (40) . The sequence does not contain internal repeats as described for the mltochondrial phosphate carrier, ADP/ATP carrler, and uncoupling carrier (40) . (Table 4E ) Hypothetical membrane proteins of chloroplast-encoded ORFs: Hydrophobie segments were accepted as putative transmembrane ~t-helices if the probability index P/I of Klein et al (70) was lower than 80 and GES higher than 1.2. Annual Reviews www.annualreviews.org/aronline with more than 35-40%-sequence identities to any of those listed have been eliminated. No three-dimensional structure is available for the membraneembedded region of any of these proteins to a resolution better than about 25 A, which is too poor to permit identification of individual transmembrane segments. Existing models for transmembrane arrangements are therefore based on a variety of indirect evidence, which ranges from the collection of extensive biochemical data to mere inspection of the hydrophobicity profile generated using any of five different scales (cf 65a).
To estimate the probable number and hydrophobicity of transmembrane segments in each protein in a homogeneous manner, we reanalyzed each sequence using a uniform procedure that searched it for hydrophobic 17-residue segments that could form transmembrane c~-helices. The program, derived from that written by Klein et al (70) , used two scales, that of Kyte & Doolittle (73) and that of Engelman et al (37) (see the section procedures). Throughout this chapter, segment hydrophobicities (GES) are expressed in kcal/residue averaged over a 17-residue stretch, using Engelman's scale. In some cases, wc also give Klein's P/I index that evaluates the relative probabilities for a segment to be either peripheral or integral.
In most cases, sequence segments proposed in the literature to form hydrophobic transmembrane a-helices overlapped with hydrophobic segments identified by the program. Some segments proposed as transmembrane had only a moderate hydrophobicity, however, and some relatively hydrophobic stretches were found that had been postulated to not span the membrane (Figure 1) . As a rule, we accepted as correct the topology proposed in the literature and took as the hydrophobicity of each proposed transmembrane a-helix that of the hydrophobic segment that overlapped it. In 16 cases, however, either the literature offered several models or no model at all, or we felt compelled to not accept the prevailing model. The rationale we have followed in each case is indicated in Footnotes b-d to Table 4 . The charged helices thought to make up part of the transmembrane region of voltage-gated channels and presumed to act as voltage sensors have not been included in the analysis, nor have the few nonhelical or strongly hydrophilic transmembrane segments that have been postulated in some models (cf footnotes to Table 4 ). Figure 1 shows the overall distribution of GES values for the 589 putative transmembrane s-helices contained in 135 proteins. Table 4 gives GES values for the most hydrophobic and the least hydrophobic of the putative transmembrane segments in each protein, together with the average GES value for the whole transmembrane region of the protein. Some results from this analysis confirm conclusions reached by others (35, 37, 70, 73) Figure 1 Hydrophobicity distribution of 589 putative transmembrane c~-helices (solid bars) and 91 presumably extramembrane hydrophobic segments (open bars) present in the sequence of 135 integral membrane proteins. Hydrophobic segments corresponding to putative transmembrane e-helices were identified as described in the section on procedures. Their hydrophobicity (free energy cost for transferring them from lipids to water under e-helical configuration) is expressed as GES, the free energy cost per residue averaged over 17-residue stretches using the GES scale [Table 2 (37) ]. In the course of the analysis, some rather hydrophobic stretches of residues were found where currently accepted models for the proteins predicted no transmembrane segments. Open bars represent only those whose GES is at least equal to 1.2 kcal/residue. phobicity scales, namely: 1. In general, from such a crude analysis one can often decide whether a protein is integral or not: 96% of all proteins in Table 4 have at least one segment where GES > 1.5. while we have not analyzed in the same manner an equivalent sample of soluble proteins, we examined most of the presumptive extramembrane domains of the proteins in Table 4 in totality, and they yielded only two dozen segments where GES > 1.5 and one where GES > 2.0 (Figure 1 ). 2. Once a protein has been classified as integral because it contains at least one very hydrophobic stretch, often one cannot determine with certainty how many other transmembrane stretches are present, as some relatively hydrophobic segments are likely not transmembrane (e.g. in the putative extracellular domain of the Notch protein), while some mildly hydrophobic segments are almost certainly transmembrane. Such is the case in G-protein linked receptors. Each most likely has seven transmembrane s-helices, given the overall hydrophobicity pattern throughout the rhodopsin family, but the hydroAnnual Reviews www.annualreviews.org/aronline phobicity of some of these segments is quite low (Table 4) . In most instances, little or no experimental evidence shows that these less hydrophobic segments actually span the bilayer. Examination of Figure 1 suggests that in the case of totally unknown integral proteins, setting the lowest limit for accepting a segment as transmembrane at 1.2 or 1.3 kcal/residue could result in missing 7-9% of the actual transmembrane segments and mistakenly accepting as transmembrane about the same number of extramembrane ones. This conclusion is similar to that reached by von /qeijne (142a) in his analysis of bacterial membrane protein sequences. Figure 2A shows the distribution ofeukaryotic integral membrane proteins as a function of length and number of putative transmembrane segments. Plasma membrane and organelle inner membrane proteins differ markedly. Plasma membrane proteins are mainly distributed between anchored proteins, with a single transmembrane helix and large hydrophilic region(s), and polytopic proteins often involved in transmembrane permeation, with many transmembrane helices and rather large extramembrane regions. Extramembrane regions in organelle membrane proteins tend to be smaller. The proteins are more extensively inserted into the bilayer. Some organelle subunits consist of one transmembrane segment and little more. The difference between cellular compartments is particularly striking in Figure 2B , which maps plasma membrane proteins and organelle proteins predicted to span the membrane only once as a function of their length and of the hydrophobicity of the transmembrane helix.
Number and Hydrophobicity of Putative Transmembrane o~-Helices as a Function of Protein Localization and Function
If one considers that about 70 amino acid residues are necessary for a sequence segment to take up a stable three-dimensional conformation, 93% of the one-helix plasma membrane proteins have extramembrane regions large enough to form such domains, against only 33% of the organelle proteins (lack of such regions is indicated by a "#" in Table 4 ). The latter figure falls to only 9% when unidentified proteins encoded by chloroplast ORFs are included (cf Figure 2C) . Most ORFs appear to code for very small proteins barely longer than a single transmembrane a-helix ( Figure 2C and Table 2E ).
Length discrepancies to some extent reflect the different functions of various membranes. Many plasma membrane proteins interact with molecules located in the extracellular and/or cytoplasmic compartments. Most organelle proteins carry out bioenergetic processes, which involve transmembrane proton or electron transfer, and the binding of lipid-soluble ligands. Differences in function are also reflected in the hydrophobicity Annual Reviews www.annualreviews.org/aronline
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of the transmembrane segment of 1-helix proteins ( Figure 2B ), which lower in organellc inner membranes (with a mean GES of 1.9_+ 0.5) than in the plasma membrane (2.3+0.3). Hydrophobicity is particularly high (2.5+0.1) when the a-helix serves as the membrane anchor to a large protein of more than 1000 residues, as are often encountered in plasma membranes.
Number and Hydrophobicity of Transmembrane Seyments in Organelle Inner-Membrane Proteins Dependiny on Site of Synthesis
Organelle membrane proteins themselves are not homogeneous. As a rule, proteins with more than three predicted transmembrane segments are encoded by the organelle's DNA (Figure 3 ). Imported integral membrane proteins (and, in chloroplasts, many plastid encoded ones) have few hydrophobic segments. Furthermore, as shown by Figure 4 , imported hydrophobic segments tend to be less hydrophobic than segments synthesized in the organelles (average GES = 1.7 + 0.4 vs 2.0_+ 0.4). As a result, the total hydrophobicity of the presumptive transmembrane region of proteins imported in the organelles (68_ 70 kcal) is much lower than for proteins encoded by organelle DNA (188_+ 156 kcal, cf Figure 5 ). On the other hand, the presence of a highly hydrophobic sequence segment in itself does not prevent importation, e.g. one of the two putative transmembrane ~-helices of ATPase subunit 9 (GES = 2.7). There arc two or three exceptions to the tentative rule that proteins with more than three transmembrane segments are not imported. Two are natural (Table 2) : Bovine nicotinamide nucleotide transhydrogenase (NNT), an enzyme from mitochondrial inner membrane likely to contain 12 transmembrane segments, is encoded in the nuclear genome (148), as is the phosphate translocator from the inner envelope membraue of chloroplasts [7 putative transmembrane helices, cf (40) ]. The third exception is engineered: the chloroplast gene coding for the D1 protein of photosystem II (5 transmembrane segments) from an atrazine-resistant biotype of Arnaranthus hybridus has been introduced into the nuclear genome of tobacco. Import was inferred from the increased resistance to atrazine of some of the transgenic plants (20) . Differences between mitochondrial genomes from different species suggest a number of other possible exceptions. Genes coding for certain integral membrane proteins are present in some mitochondrial genomes and absent in others (see Table 5 ). Most strikingly, Saccharomyces cerevisiae does not have any mitochondrial genes coding for NADH-Q reductase subunits. S. cerevisiae may, however, simply lack this type of NADH dehydrogenase (48) 5 6 7 8 9 10 11 12 13 14 15 16 17 18 organisms: in E. coli, for instance, the NADH-Q reductase is composed of a single soluble subunit (cf Table 6 ). In Leishmania tarentolae and Trypanosoma brucei, some of the genes coding for the proteins of the NADH-Q reductase or the proton ATPase are found in the mitochondrial genome, while others are not [note that extensive editing of mitochondrial mRNA may complicate gene identification (38) ]. In these organisms, the missing subunits probably must be imported, which would include subunits 2 and 6 of the reductase (10 and 5 predicted transmembrane segments, respectively, judging from Bos sequences) and subunit 6 of the ATPase (5 predicted transmembrane segments). Table 5 lists a number of other subunits whose genes have not been found in largely, but not totally, sequenced mitochondrial genomes from Chlarnydomonas or Neurospora.
DISCUSSION
The Microassembly of Integral Membrane Proteins in Organelles
The analysis presented above bears out the suggestion that integral membrane proteins comprise folding domains that are much smaller than those Annual Reviews www.annualreviews.org/aronline of soluble proteins. Many of them actually have extramembrane regions that are so small that they would not be expected to fold by themselves into stable structures. Because their hydrophobic environment severely constrains the structure of transmembrane segments, however, individual transmembrane e-helices can provide the specific interactions necessary for assembly with other transmembrane segments belonging to the same and/or other polypeptides. Assembly in turn may constrain the structure of the extramembrane regions. Cytochrome b5~9 provides a good example of the stability of single transmembrane a-helices. This complex is composed of two different small subunits, each probably forming a single transmembrane c~-helix (see Table 4C and Figure 2A) , and its heme thought to be liganded by two histidine residues, one in each helix (60) . Two copies of this heterodimer are associated with each photosystem II reaction center.
NUMBER OF PROTEINS IN CLASS
Very low molecular weight integral subunits are mainly noticeable in the complexes from the inner membranes of organelles. How many hydrophobic segments an organelle subunit contains depends on where the Annual Reviews www.annualreviews.org/aronline MICROASSEMBLY OF INTEGRAL MEMBRANE PROTEINS 389 Annual Reviews www.annualreviews.org/aronline Subunits are divided into those common to eukaryotes and prokaryotes, those specific to eukaryotes and those specific to prokaryotes (on the basis of presently available sequences). They are further distributed according to their site of synthesis. The number of helices predicted for each subunit is indicated. Succinate-Q reductase: The two integral membrane subunits of this protein have similar molecular weights in Bos tauris mitochondria and E. coli but have been sequenced only in E. coli. The number of helices predicted is indicated for E. coli subunits. Nicotinamide nucleotide lranshydrogenase: This protein is composed of one polypeptide in Bos tauris mitochondria and two in E, coli (of Tables I and 4B) . Table 4. subunit is synthesized. In mitochondrion inner membrane, there is a clearcut discrepancy: with few exceptions, subunits are imported if they contain three or fewer putative transmembrane e-helices and are synthesized in situ if they contain more than three. In chloroplast thylakoids, imported proteins also have few hydrophobic segments, but proteins synthesized in situ can have either many or few. These distributions do not indirectly result from a tendency for large genes to remain in the organelles, since most soluble or extrinsic proteins, whether large or small, are synthesized in the cytoplasm (3, 93, 125) . The exclusion is not absolute; there exist least two natural and one engineered exceptions. These are discussed below. Nevertheless, the tendency of imported proteins to have few transmembrane segments is very strong.
The causes of this distribution are uncertain, and may involve several factors. The possibility ofmistargeting was proposed by von Heijne (141a, 142) , who argued that if a hydrophobic segment appeared in the cytosol before the synthesis of a nuclear-encoded protein is completed, it would Annual Reviews www.annualreviews.org/aronline act as a signal sequence and target thc protcin to the endoplasmic rcticulum. This could occur if there are more than 70-90 residues after the end of the first hydrophobic segment. More recent data, however, suggest that mistargeting cannot be a decisive factor because, at least under this simple form, this hypothesis predicts the misdirection of about half of the imported proteins (marked with a degree sign in Table 4 ).
Other possible explanations might involve the mechanism of import into the mitochondrion or chloroplast. Considerable evidence indicates that import is, primarily or totally, posttranslational (for reviews, see 6, 52, 106, 141) . Import involves unfolding of the protein to be translocated. It is prevented by stabilization of the mature, folded conformation (18, 31, 33, 121) . Cytosolic proteins are involved in preventing folding or aggregation of the nascent chains and/or in unfolding the chains into an import-competent form (e.g. 32, 34, 51, 52, 98, 100, 117) . Similar proteins play a role in protein folding and assembly in the mitochondrial matrix (19, 95, 112) .
The presence of a large number of hydrophobic residues in a polypeptide can perturb import in several ways. To prevent aggregation and precipitation or nonspecific association with membranes or with other proteins, large hydrophobic patches must not be exposed to the cytosol. This can be achieved either by appropriate folding of the protein or by association with itself or with other proteins. Particular difficulties are expected for integral membrane proteins because, in contrast to soluble proteins, they expose a considerable hydrophobic area to their surface in their native state. The achievement of a soluble conformation or complex should become increasingly more difficult as the number of hydrophobic segments to be masked increases. Problems also might arise at the unfolding step, since hydrophobic residue burial is a major source of stabilization free energy for folded structures and for oligomers. The more hydrophobic residues have been buried, the more difficult it is to unfold or dissociate the resulting structure. Similar difficulties may also be encountered on the matrix or stroma side of the organelles.
The recent description of a soluble form of the integral protein lac permease (116) or, in contrast the hydrophobic properties of bacterial porins can serve as reminders that the behavior of membrane proteins does not always match our expectations. To surmise that large hydrophobic peptides may stand greater chances of misfolding and precipitating before being targeted to the organelle, or may become untractably difficult to unfold seems reasonable, however. Another conceivable difficulty is the probable tendency of hydrophobic segments located away from the region being translocated to insert nonspecifically into nearby membranes. It is probably significant that imported segments tend to be less hydrophobic Annual Reviews www.annualreviews.org/aronline than those in subunits synthesized in the organelles (even though the two distributions overlap). This tendency further decreases the total hydrophobicity of the putative transmembrane region in imported proteins. The involvement of hydrophilic regions, e.g. presequences, in stabilizing the precursor form of imported integral proteins has been discussed by Hartl et al (52) .
Borst (12) seems to have first proposed the idea that the biosynthesis some proteins within organelles rather than in the cytosol could be linked to their hydrophobicity. This view has remained in relative disfavor, presumably because the interest in the process of translocation itself has focused attention on local properties of the sequence. The example of ATPase subunit 9 shows that local hydrophobicity in imported proteins can be very high (Table 4B ). The critical importance of the unfolding step, however, may explain why an accumulation of sequence segments that individually would be importable might have an inhibitory effect.
The tentative rule that proteins with more than three hydrophobic transmembrane segments are not imported presently has two natural exceptions. One is nicotinamide nucleotide transhydrogenase, an enzyme from the inner mitochondrial membrane. The other is the phosphate translocator from the inner envelope membrane of chloroplasts.
NNT contains probably 12 and the translocator 7 hydrophobic segments (cf Table 4 ) whose hydrophobicity is typical of that of imported proteins. It might be interesting to determine whether the import of these proteins is posttranslational or coupled to their synthesis.
Whatever the reason(s), in most cases organelles do not import proteins with large transmembrane regions. Eukaryotic cells generally have supplemented complexes inherited from the original symbiotic prokaryotes with additional subunits. In the mitochondrial respiratory chain, all of the new material encoded in the nucleus is made up of 1-helix subunits (Table  6 ). In addition, the genes for some of the smaller, 1-3-helix integral subunits of prokaryotic origin have been displaced to the nucleus. In chloroplasts, the imported material is made up of 1-3-helix proteins; most of the new subunits are locally encoded and can have either many or few hydrophobic segments. Many of the hypothetical proteins encoded by ORFs are predicted to be small, 1-helix proteins. The existence of many 1-helix subunits encoded in plastid DNA indicates that restriction on import is not the only circumstance in which one encounters such subunits. The building up of organelle complexes seems to take full advantage of the domainlike behavior of transmembrane m-helices: they are put together in a piecemeal manner by a process of microassembly that uses numerous small subunits in addition to a few large ones. Annual Reviews www.annualreviews.org/aronline
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Other Membranes
Very small 1-helix integral subunits are rare among plasma membrane proteins (2 in our sample of 80). Part of the reason for this near absence could be methodologic (such proteins migrate with the dye front in most commonly used SDS-PAGE systems), and part is certainly linked to the different functions of this membrane (see section on results). Differences in biosynthesis may also play a role. It is not clear yet to what extent insertion of proteins into the endoplasmic reticulum is co-or posttranslational (for recent discussion, see 43) . Similarities between insertion into the ER and import into organelles are certainly greater than previously recognized (for reviews, see 106, 141) . For instance, evidence of a role for stress proteins in yeast has recently been obtained (21, 32, 153) . However, translation and insertion seem more closely coupled in the ER than for organelle proteins. The red blood cell glucose transporter, a protein thought to contain 12 transmembrane segments, can be imported posttranslationally into dog pancreas microsomes, albeit with a low efficiency. Cotranslational insertion or engineered shortening of the polypeptide by 4 transmembrane segments increases efficiency (85) .
There are conceivable advantages to using several small subunits instead of a single large one from, for example, evolutionary or regulatory points of view. As mentioned above, numerous small 1-helix proteins are synthesized in situ in chloroplasts. Restriction to import cannot be the reason for their abundance. The scarcity of very small plasma membrane proteins is likely due in part to the absence of the restriction on helix number that seems to be associated with posttranslational import and insertion. It may also be that, in the plasma membrane, any other potential advantage of microassembly is offset by the greater instability of complexes as compared with single-chain proteins or by the increased complexity of targeting and assembly.
We have examined under identical conditions the protein composition of another membrane toward which export of hydrophobic proteins is known to present difficulties, namely the outer membrane of gram-negative bacteria (for reviews, see 7, 106, 107, 110) . Export or membrane integration of proteins in bacteria presents similarities with import into organelles in that it can be posttranslational (145); it is prevented by stabilization of the mature, folded form (97, 109) and it involves ATP-dependent antifolding proteins (23, 27, 28, 74a) .
We have analyzed the sequences of 11 outer membrane proteins, none of which is thought to form transmembrane hydrophobic s-helices (Table  7) . In agreement with the literature, most contained no significantly hydroAnnual Reviews www.annualreviews.org/aronline 396 POPOT & DE VITRY phobic segments at all, and two contained a mildly hydrophobic segment with a GES barely higher than 1.2. That the bacterial cell has difficulties exporting hydrophobic proteins is directly substantiated by experiments in which stretches of hydrophobic residues were introduced genetically into the sequence of either a viral coat protein, the natural anchoring segment of which had been deleted (30) , or an outer membrane protein (80) . In both cases, export was blocked as the length of the hydrophobic insert increased. We have estimated the local hydrophobicity of the 17-residue segments that included these inserts, using the same procedure as for natural proteins. Within some variability, segments with GES values less than 1.6 allowed export and segments with GES values higher than approximately 2.2 blocked it. Partial exportation was observed between these two limits. On this basis, only half a dozen of the 140 proteins listed in Table 4 could conceivably be exported efficiently by E. coli.
Porins are the best known outer membrane proteins. They have rather polar sequences and are known to be essentially comprised of/? sheets (for recent review, see 8). A strong restriction on the export of hydrophobic scgments may explain why the structural solution adopted by porins differs from the microassembly observed in organelle complexes. On the other hand, factors such as the peculiar structure, function and environment of bacterial outer membranes should not be forgotten. The sequence of the porin from yeast mitochondrial outer metnbrane--a protein apparently Annual Reviews www.annualreviews.org/aronline unrelated to bacterial porins (82a)--is also fairly hydrophilic. The GES value of its most hydrophobic 17-residue segment is only 0.72.
Displacing the Synthesis of Integral Membrane Proteins from Organelles to the Cytoplasm
The observations summarized here may shed light on the conditions under which a protein synthesis can be displaced from organelle to cytoplasm, either during the course of evolution (see 46) or as the result of genetic engineering (cf 36).
As already mentioned, proteins like NNT or the chloroplast envelope phosphate translocator appeared atypical in our analysis. Perhaps their biosynthesis presents peculiarities--for instance a closer coupling between translation and import. One can also wonder whether differences exist between homologous proteins depending on their site of synthesis. For example, some complex I subunits synthesized in situ in mammalian mitochondria are presumably imported from the cytoplasm in the parasitic protozoa Leishmania and Trypanosoma (Table 5) . Does the average hydrophobicity of the transmembrane segments in imported segments diminish? Are proteins with many transmembrane segments split into several smaller ones?
Only a few cases of displaced subunits can presently be analyzed from this point of view. Within eukaryotes, comparison of a subunit imported from the cytosol with an equivalent one synthesized in situ is possible for ATPase subunit 9 and for cytochrome c~. The average hydrophobicity of the two transmembrane segments of ATPase subunit 9 is similar whether the protein is encoded in the nucleus (as in mammals and Neurospora), in the mitochondrion (as in yeast and maize), or in the chloroplast. contrast, the hydrophobicity of the putative transmembrane helix of mitochondrial cytochrome c~, which is encoded in the nucleus, is much lower than the hydrophobicity of the equivalent segment in cytochromef, which is encoded in the chloroplast (respective GES values 1.53 and 2.26).
Comparison of eukaryotic and prokaryotic complexes shows that the following integral subunits have been displaced to the eukaryote nucleus (Table 6) : cytochrome c~ and FeS subunits of the QH2-cytochrome reductase complex, ATPase subunit 9, and NNT. Again, the hydrophobicity of the anchoring sequence of cytochrome c~ is found to be much higher when it is not imported (GES = 2.24 in E. coli vs 1.53 in eukaryotes). In the other cases, the hydrophobicity remains about the same regardless of import. It is probably premature to draw conclusions from such a limited comparison, particularly as it does not include 3-helix proteins, which presumably would be most sensitive to selective pressure on their hydrophobicity.
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We have as yet no examples of a protein with many transmembrane segments that would be split into several smaller ones when its structural gene is displaced to the nucleus. We are aware of only two natural cases of split integral proteins (Table 1) , if one leaves aside voltage-gated channels from the plasma membrane, in which a homooligomer in one case (K ÷ channel) appears to correspond to a single polypeptide with internal repeats in others (Na + and Ca 2+ channels; cf Table 4A ). In the case of cytochrome b, neither the whole polypeptide nor the fragments need be imported. In case of NNT, the fragments are not imported while the fulllength protein is.
The existence of restrictions to integral protein import can be experimentally tested by displacing the locus of synthesis of organelle-encodcd proteins to the cytoplasm. Nagley et al (87) found nucleus-encoded subunit 8 of the Fo ATPase (fused to a mitochondrial targeting peptide) to rescue yeast mutants lacking functional mitochondrial subunit 8. This observation does not test the ideas develOped here, as subunit 8 is a very short protein (48 amino acid residues in yeast) purported to comprise a single transmembrane segment (138) . Its structural gene is absent from J(enopus mitochondrial genome (115) , which suggests that in this organism it naturally encoded in the nucleus.
Such is not the case for D1, the photosystem II quinone-binding protein that carries the site of action of the herbicide atrazine. D1 is encoded by the psbA gene, which is present in every chloroplast genome sequenced thus far (93, 125) . This protein most likely features five transmembrane segments (82, 137) . Cheung et al (20) have reported that introduction of psbA gene from an atrazine-resistant biotype into the tobacco nuclear genome conferred an increased tolerance to atrazine to some of the transformed plants. This observation suggests that the existence of an absolute barrier to the import of D1 is not the reason for retention ofthepsbA gene in the chloroplast. The efficiency of the import was not established directly and was difficult to assess from functional data because the engineered protein had to compete with the natural one whose synthesis was not blocked. Such a competition could explain the limited resistance to atrazine of the engineered strains.
Further experiments are needed to establish to what extent efficient import can be achieved for multispanning proteins. Our data suggest that low yields of import may be encountered. One attractive possibility for molecular genetic experiments involves splitting genes coding for polytopic proteins into two or more smaller parts, each preceded by a segment coding for an organelle targeting peptide. It is not unreasonable to expect that the resulting protein fragments could assemble in the organelle inner membrane into functional complexes.
The present analysis su, pports the idea that transmembrane e-helices represent autonomous folding domains in integral membrane proteins. It further suggests the existence of biosynthetic problems associated with the posttranslational import or export of proteins containing long stretches of hydrophobic residues. In organelles, restrictions to import are not absolute, and these problems are circumventcd by importing numerous small subunits containing few hydrophobic segments. These are subsequently mieroassembled into complexes thanks to the domainlike behavior of transmembrane e-helices. In the endoplasmic reticulum, microassembly is presumably not required and is in fact seldom observed. 
